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Abstract 
 
Overheating issues on the University of Illinois’s Formula SAE cars 
prompted a study evaluating the cooling module performance.  The challenge 
faced by many Formula SAE teams internationally is a large limit on their budget 
and resources as well as their short development cycle.  The developed 
experimental method needed to be straight-forward and to use the limited 
equipment available and supplied by the university. 
A simple and cost effective method for analyzing the heat carrying 
capacity of the cooling module on the Formula SAE vehicles was developed.  
Simple fixtures were designed and built in order to equip the Formula SAE car 
with sensors able to acquire the necessary data in order to calculate the heat 
carrying capacities of the air flowing through the heat exchanger and the water 
flowing through the engine.  Physical testing was successfully carried out under 
driving conditions whenever possible to attain the most applicable results.   
The University of Illinois’s 2009 Formula SAE car was tested to 
determine the effectiveness of its cooling system and to identify problem areas.  It 
was found that design changes made from 2008 to 2009 did provide a significant 
increase in the capacity of the cooling module to adequately cool the Honda F4i 
engine on the Formula SAE car.  In addition, the cooling capacity of the system 
was quantified for the first time for the Formula SAE team.  Results from this 
research laid groundwork for future improvements on the Formula SAE car to be 
quickly and cheaply evaluated and compared with previous baselines using the 
tools available from the university and avoiding guess work. 
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Chapter 1 
Introduction 
 
 Organized by the Society of Automotive Engineers (SAE), Formula SAE 
is a design competition in which students design, build, and compete with a small 
open-wheel race car as shown in Fig. 1.1.  This is a yearly event which challenges 
students to create a new design each year and allows students to “apply textbook 
theories to real work experiences.”  As outlined in the official Formula SAE 
rulebook, the goal is to build a small racecar with a non-professional weekend 
autocross racer as the target consumer [1].   
 
Figure 1.1.  The University of Illinois’s 2007 Formula SAE car. 
 
Since its humble beginnings, Formula SAE has grown to be an internationally 
recognized collegiate engineering design exercise, with many top employers 
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specifically targeting candidates with Formula SAE experience.  To provide the 
reader with a sense of scope, the main Formula SAE competition held near 
Detroit, Michigan during the middle of May welcomes 120 schools from around 
the world to compete against each other in various static as well as dynamic 
events.  The static events include a technical inspection each car must pass before 
it is allowed to compete, a cost and manufacturing report, a presentation of the 
team’s business model, as well as a design presentation.  Most of the points 
available for earning come from the dynamic events however.  These include 
acceleration runs, running the car on a skid pad, timed autocross runs, fuel 
economy, and driving the car through an endurance event.  Of the entire 1000 
points that are available to be earned at competition, the event which is valued the 
most is the fuel economy/endurance event which accounts for a full 400 points of 
the total.  Another important note about this event is that to obtain any of these 
400 points, the car must finish the endurance event.  Otherwise the unfortunate 
team will lose 400 points and be at a serious disadvantage.  It is clear then that in 
order to do well at a Formula SAE competition, the car must finish the endurance 
event. 
 The cooling system on both the University of Illinois’s 2007 and 2008 
Formula SAE cars was found to be a limiting factor in the design during their 
testing and competitions.  In 2008 especially, after the driver change during 
endurance, the engine was dangerously close to overheating and as such the 
University of Illinois’s 2008 Formula SAE car needed to be nursed to the finish 
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line.  The consensus of the Illinois team members was that had this not happened 
the University of Illinois’s 2008 Formula SAE car would have been able to place 
considerably higher.  Because of this, one of the main design goals during the 
engineering of the University of Illinois’s 2009 Formula SAE car was to ensure 
that the car would not overheat during the endurance event. 
 For 2009, improving the design of the cooling system for the Formula 
SAE car was a high priority.  However with such limited testing time and the fact 
that the effectiveness of the University of Illinois’s cooling system was not fully 
understood made it critical to find a quick and simple way to evaluate the cooling 
module.  One theory as to where the cooling system was deficient and where not 
as much thought was placed was the airflow going through the radiator core.  
Previously published literature on the matter stresses the importance of the 
airflow, mentioning that it is an essential factor which affects the performance of 
automotive cooling systems and as such has always been a primary concern in the 
design process for automotive engine cooling systems [2].  The work of this thesis 
is a result of the University of Illinois’s past efforts at building a Formula SAE car 
and builds upon these years of experience.  The impact of this study is to explore 
a simple and relatively quick method to determine whether it is the air side or 
coolant side of the cooling system that is the limiting factor and thus needs the 
focus of the Formula SAE students.  Again, this is critical for when the design-
build-compete cycle is under a year in length and student turnover from year to 
year is high.  In addition, the method explored in this thesis must be able to be 
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carried out under a tight budget as many of the competing schools do not have a 
lot of money to spend on their Formula SAE programs, especially in the current 
economic conditions. 
 The thesis that ensues is organized in the following manner.  In the next 
section, the reader is presented with a literature review concerning automotive 
cooling systems.  This review aims to focus on the methods undertaken before in 
testing and analyzing the performance of the cooling module.  It will examine the 
fundamental governing equations as well as looking into current industry 
practices and newer research methods for evaluating automotive cooling systems.  
The next chapter of this thesis will concern and describe the experimental 
methods undertaken in evaluating the cooling system on the University of 
Illinois’s 2009 Formula SAE car.  The equipment and procedures used will be 
outlined in detail.  Chapter 4 will present the experimental results gathered using 
the methods outlined in Chapter 3.  Also in Chapter 4, a discussion will be 
presented of the meaning of the test results and what they mean with regard to the 
University of Illinois’s 2009 Formula SAE cooling system and what implications 
this may have for future design iterations of the Formula SAE car.  Closing this 
work, Chapter 5 will talk about the conclusions and recommendations that may be 
drawn from the work of this thesis as well as any areas that may need attention for 
future research to be carried out. 
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Chapter 2 
Literature Review 
 
2.1 Overview 
 
The automotive industry is constantly looking to improve the performance 
of its vehicles.  As automobile engines become increasingly more powerful and 
compact, the demands placed on the engine cooling module on how much heat 
they must transfer away have also increased [3].  In addition, automotive 
manufacturers are looking to reduce the amount of aerodynamic drag of the 
vehicle which helps with fuel economy among other things.  As a result, 
automotive manufacturers have looked to minimize cooling air intakes and the 
amount of air flowing through the radiator core [4].  This need for optimization 
and refinement has placed a greater emphasis on accurately measuring and 
predicting the heat transfer performance of the cooling module. 
The University of Illinois’s Formula SAE car uses a water cooled engine.  
As such, this thesis will not examine the cooling performance of air cooled 
engines.  It is commonly known that the performance of a water engine cooling 
system may be limited by more than one factor.  Both the engine water flow to 
the radiator as well as the airflow through the radiator need to sufficiently be able 
to carry away the engine-rejected heat [5].  On one side, the coolant/water 
flowing through the engine must be able to transfer the engine rejected heat to the 
radiator [5].  Multiple sources give the heat-carrying capacity of the coolant to be: 
[5, 6] 
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Ė RW = QW ρW CW ΔTW / 60 
where  
Ė RW = heat transport rate, kW  
QW = coolant flow rate, L/min  
ρW = coolant density = 1.0 kg/L  
CW = specific heat of coolant, kJ/kg .°C  
ΔTW = temperature drop as water moves through radiator, °C  
Experimental measurements of these variables are fairly standard as the coolant 
flow rate can be simply measured using a flow meter, and the temperatures 
gathered with a thermometer. 
In addition, the heat transferred by the coolant flowing through the engine 
must be carried away by the air flowing through the radiator.  Again, multiple 
sources give the heat-carrying capacity of the air to be:  [5,6] 
ĖRa = Qa ρa Cpa ΔTa
where  
ĖRa = heat transport rate, kW  
Qa = airflow rate, m3/s  
ρa = density of air, kg/m3  
Cpa = specific heat of air = 1.0 kJ/ kg .°C  
ΔTa = temperature rise as air moves through radiator, °C  
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The temperature difference again can be easily measured experimentally, however 
the airflow rate is a little harder to accurately measure and many methods have 
been tried in order to accurately obtain this data. 
 “The most common industrial practice for radiator airflow measurement is 
to employ banks of propeller-based anemometers” [4].  This sort of anemometer 
in a way averages the velocity over the circular region of the probe.  In general, 
these anemometers are arranged in a pattern across the face of the radiator.  It has 
been noted that General Motors, the Ford Motor Company, and other automobile 
manufacturers use an array of six to 16 propeller-based anemometers when trying 
to measure the airflow going through the automobile’s radiator [4].  Other 
researchers have employed this method of using vane anemometers as well when 
trying to characterize the airflow through the radiator.  An example of which is 
shown below in Fig. 2.1:  [2].  
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 Figure 2.1.  Fifteen anemometers installed on the frontal surface of a radiator as 
well as the air velocity distribution obtained experimentally [2] 
 
 The following literature review examines newer methods for determining 
the cooling capacity of automotive water to air cooling modules.  Specifically it 
looks into methods for quantifying the airflow through the automobile’s radiator 
and is organized into two sections.  The first concerns itself with numerical 
methods of analysis of the cooling module as well as discussing the use of 
computational flow dynamics (CFD).  The second section discusses various 
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pressure based methods for determining the air flow rate through the automotive 
radiator core. 
 
2.2 Numerical Analysis 
 In the increasingly competitive global marketplace, automobile 
manufacturers are in a constant race against one another to produce the best 
design in the shortest time possible.  These designs are often a compromise 
between optimizing performance, weight, and size and shape.  The goal of 
attaining this optimization requires advanced tools that allow for a quick design 
and development cycle [7]. That is, the industry trend is toward a product 
development process which reduces both the time-to-delivery as well as the 
number of required physical tests.  Such demands require the use of Computer 
Aided Engineering, or CAE, design tools in helping to predict the behavior of the 
vehicle systems before they are built [2].  Various researchers have looked into 
numerical and CFD methods, “but these methods required engineers to have 
substantial experience using the commercial CFD codes and the meshing 
software” [2].   
 Numerical methods in heat exchanger design have been explored several 
times.  From Volvo, Nendén et al. developed a model in which the Colburn j 
factor expresses the heat transfer and the Fanning friction factor conveys the 
pressure drop [8].  In addition, Oliva et al. present a numerical model for the 
design of heat exchangers (CHESS, Compact Heat Exchanger Simulation 
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Software) in their 2007 paper. [7]. In this example, the authors’ model is based on 
a discretisation around the tubes of the heat exchanger as small heat exchangers, 
with each macro control volume taking inlet conditions on the boundary flow 
streams as well as adjacent control volumes [7].  Conservation of mass equations 
for mass, energy, and momentum are applied on the flow streams while the 
energy equation is applied to solid elements over the macro control volumes [7].  
The results of this model are three-dimensional velocity, pressure, and 
temperature maps.  An illustration of this strategy is presented below in Fig. 2.2.   
 
Figure 2.2.  Discretisation strategy for flat tube/corrugated fin automotive 
radiators: macro-control volume concept [7]. 
 
 In their 2008 paper, Kim et al. discuss various CFD methods, among 
which including the “STREAM” and Fluent CFD software packages [2].  Also, 
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the authors mention a method introduced by Moffat which coupled one-
dimensional and three-dimensional CFD models in which the 3D CFD model is 
used to predict airflow patterns whose results are then put into a 1D hydraulic 
model.  This model then is able to predict the engine coolant temperatures [2].  
The method presented by Kim et al. employs the SIMPLE and SIP numerical 
methods to solve the Navier-Stokes equations for incompressible and 3D fluid 
flow.  A standard κ – ε turbulence model was then applied and the law of wall 
was applied to the wall boundary [2].  Their method then is able to predict the 
coolant and air flow patterns.  Below in Fig 2.3 is an example of how powerful 
CFD methods are able to predict air velocity contours as well as trace air particles 
through a vehicle model [2].   
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 Figure 2.3:  Air velocity contours (a) and air particle tracing (b) capabilities with 
CFD simulations [2] 
 
2.3 Pressure-Based Methods 
The California Partners for Advanced Transit and Highways (PATH) 
investigated the effects of close-following on the cooling systems of Ford 
Windstar minivans [9].  In order to do so, pressure and temperature measurements 
were taken before and after the cooling module while the vans were under 
operation.  The stagnation pressure readings taken with small Kiel probes relate 
the pressure difference across radiator core with a corresponding air flow 
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velocity.  Browand et al. in their paper measure the stagnation pressure given by 
[9]: 
po = p + (1/2)*ρ*(U)2 
where p is the local pressure, ρ is the local air density and U is the local air 
velocity.  The difference of the stagnation pressures before (1) and after (2) give 
the pressure drop [9]: 
Δp = po1 - po2 = p1 - p2 + (1/2)*ρ1*(U1)2 - (1/2)*ρ2*(U2)2
Using a wind tunnel to calibrate the pressure drop values, the constants C and n 
can be found in the following relationship which relates the pressure drop with the 
local air flow velocity [9]: 
Δp = C*(U) n 
Once found, this airflow rate may be used with the equation for finding the heat 
transport rate of the air. 
 In their 2004 journal article, Ng et al. also relate local velocity to the 
pressure drop through the radiator core and they discuss various different pressure 
probes used in previous research in this field [5].  The probe chosen by Ng et al. 
for their research however is a J-type dynamic Cobra four-hole directional probe 
supplied by Turbulent Flow Instrumentation.  An advantage of this probe is its 
small size (with a head size of only 1.3 mm) and its versatility.  Small pressure 
differential probes (Micro Probes) were also chosen by Uhl et al. in their research 
on engine cooling systems [10].  Instead of mounting the probes fore and aft of 
the radiator core as in previous research however, Uhl et al. place the microprobes 
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so that they are actually within the radiator core itself.  As such, they may be used 
with a mounted fan and shroud as it was designed [10].  Fig. 2.4 and Fig 2.5 
below demonstrate the placement of these probes: 
 
Figure 2.4.  The dynamic Cobra probe as used in the research by Ng et al. [4] 
 
 
Figure 2.5.  Installation of the Micro Probes in the radiator core [10] 
 
 
 
 
 14
Chapter 3 
Experimental Methods 
 
 For Formula SAE, a new car is designed and constructed every school 
year.  In theory, this provides for a wealth of previous design iterations that may 
be tested for their effectiveness.  Unfortunately, the University of Illinois’s 
Formula SAE team, like many others, does not have the manpower, funds, or the 
physical space available for maintaining all of these vehicles in running condition.  
In fact many of the Formula SAE cars from previous years have already been 
scrapped and parted beyond repair as a limited budget sometimes calls for the 
team to reuse parts from year to year.  Due to these constraints, only the 
University of Illinois’s 2009 Formula SAE car, as seen below in Fig. 3.1, is 
available for any sort of testing. 
 
Figure 3.1:  University of Illinois’s 2009 entrant into Formula SAE competition 
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For the 2009 season this car was entered into the competitions held at Virginia 
International Raceway in April as well as the competition at the Auto Club 
Speedway in Fontana, California in June.  Another advantage with using the 2009 
car was that more emphasis was placed into the design of the cooling system for 
Illinois’s 2009 entrant into the Formula SAE competitions.  This is because the 
previous four cars designed and built by the University of Illinois’s Formula SAE 
team had all been using more or less the same cooling system design.  As the cars 
became more powerful, the cooling demands had also increased and by 2008 
overheating issues were becoming a major concern.  However, throughout test 
driving and the two competitions, the 2009 car did not experience issues with 
overheating.  The experimental methods outlined in this section describe the 
method taken in evaluating the 2009 cooling system in order to further understand 
the effects of the design changes so that future design iterations may be further 
optimized.   
 To begin, the University of Illinois’s Formula SAE car uses a water-
cooled Honda F4i 600cc motorcycle engine.  The cooling system used on the car 
is not made from stock Honda parts and is of student design.  It is a single radiator 
cooling system as shown in the schematic (Fig. 3.2) below. 
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 Figure 3.2.  Single radiator cooling system as implemented on the University of 
Illinois’s 2009 Formula SAE car. 
 
Extending out into the air stream, the design of the cooling system consists of a 
single radiator.  This radiator is a custom ordered part, manufactured by C&R 
Racing specifically for the University of Illinois’s Formula SAE team.  It is a 
double row, double-pass, aluminum design.  The dimensions of which are 
illustrated below in the engineering drawing (Fig. 3.3) of the heat exchanger used 
on the 2009 Formula SAE car: 
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 Figure 3.3.  Drawing of the heat exchanger used on the University of Illinois’s 
2009 Formula SAE car.  All units in inches. 
 
To help pull the air through the radiator core, the 2009 Formula SAE car 
utilized a shrouded fan mounted aft of the heat exchanger.  The shroud itself was 
constructed using selective laser sintering (SLS) rapid prototyping with the 
DuraForm EX plastic material.  This material was chosen for its strength and its 
resistance to high temperatures.  The fan blades were positioned such that the face 
of the fan was one inch away from the heat exchanger core.  As in previous years, 
the fan chosen for this application was the 11” paddle blade medium performance 
fan (part number VA09-AP50/C-27A) manufactured by SPAL USA and shown 
below in the manufacturers drawing (from www.spalusa.com) 
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 Figure 3.4.  Drawing of the SPAL cooling fan used on the Formula SAE car  
 
Also as provided on the manufacturer’s website, the performance specifications 
are listed below in Fig 3.5: 
 
Figure 3.5.  Manufacturer’s specifications for the 11” SPAL fan used 
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The part stack up of the heat exchanger, fan shroud, and fan are illustrated below 
in a screenshot of the Pro/Engineer model in Fig. 3.6. 
 
Figure 3.6.  Exploded view showing the assembly of the fan, fan shroud, and heat 
exchanger for the 2009 Formula SAE car 
 
 The Honda motor’s mechanical water pump was retained and used with 
the cooling system.  Also, the system included a standard pressure tank/filler neck 
with an incorporated swirl pot design.  The pressure cap used was manufactured 
by Stant, and is rated for 29-31 lbs of pressure.  Aluminum tubing (1” outer 
diameter, 0.065” wall thickness, 6061-T6) was used for the cooling lines.  An air 
duct made from carbon fiber was constructed and mounted on the left side of the 
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vehicle with the hope of routing the airflow to the heat exchanger.  The entire 
system as constructed may be seen in Fig. 3.7 below. 
 
Figure 3.7.  Final assembly of the 2009 Formula SAE cooling system 
 
The scope of this thesis aims to detail how a Formula SAE team may 
evaluate cooling system design iterations.  The unique challenges faced by 
Formula SAE teams mean that this must be done fairly quickly due to the short 
design cycle in which students must design, build, test, and compete their car in 
less than a year.  In addition, since it is a university student competition, students 
are often inexperienced and use Formula SAE as a learning experience.  Also, 
there is often a high rate of turnover of old team members and if there is a lack of 
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documentation from year to year of what has been done before, often that 
knowledge base gets lost as well.  As such it is important for the testing and 
experimental methods to be relatively simple so that new members may pick up 
on the work and still have time to design the new car.  There are many 
computational fluid dynamics processes available for aiding in designing an 
automotive cooling module.  However, these packages often demand a high level 
of proficiency from the user [11].  With such little time to train the new members 
in CFD software and the fact that with CFD analysis it is important to input the 
right parameters if one wants an accurate solution, it often may not be feasible to 
use CFD depending on the skill sets of the current team.  As such, physical testing 
methods are explored. 
One may think of the cooling system as transporting heat away from the 
engine.  This engine heat is first moved by the coolant fluid to the radiator, where 
the air flow over the radiator aims to transport this heat out of the cooling system 
and into the atmosphere.  With this in mind, we hope to determine the heat 
carrying capacity of the coolant fluid as well as the heat carrying capacity of the 
air.  Whichever value ends up lower for our situation points out the limiting 
factor.  For this analysis, this thesis uses the equations outlined in the literature 
review section for determining the heat carrying capacity of both fluids: the 
coolant water, and the air flowing through the radiator.   
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3.1 Coolant-Side Radiator Performance 
 
The parameters in the equation for determining the heat carrying capacity 
of the coolant water include the coolant flow rate, the coolant density, the specific 
heat of the coolant, and the temperature drop of the water as it flows through the 
heat exchanger.  As the coolant fluid is known to be water, both the coolant 
density and the specific heat of the coolant are standard values.  The density of 
the water is about 1 kg/L while the specific heat of water is known to be 4.186 
kJ/kg*C.  Unfortunately, the values for the coolant flow rate and the temperature 
drop are not as easily known.  The following sections outline the procedures taken 
to determine these values for the University of Illinois’s 2009 Formula SAE car.   
 
3.1.1 Coolant Flow Rate Measurement 
 As mentioned before, the equation to determine the heat carrying capacity 
of the coolant water calls for the coolant flow rate of the water in liters per 
minute.  To determine this value, a paddlewheel type flow meter manufactured by 
FloCat (model number C-LB45-A005) was connected to the cooling lines of one 
of the University of Illinois’s old Formula SAE cars.  A photo of this connection 
is shown below in Fig. 3.8. 
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 Figure 3.8.  The FloCat flow meter as connected to the cooling system of an old 
Formula SAE car 
 
The FloCat flow meter works by sending a pulse signal at a calibrated 870 pulses 
per gallon.  These pulses are then read by using a standard oscilloscope.  To do 
this, the period is recorded, in milliseconds, off of the oscilloscope and this value 
is then converted into pulses per second.  Knowing this and the fact that the 
FloCat flow meter is calibrated for 870 pulses per gallon, the flow rate may be 
directly interpreted from this.  For this test, the engine was held at a steady RPM 
value while the values for the period from the oscilloscope were recorded.  This 
was done for RPM intervals of 1000 RPM through the useable range of the engine 
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of 7000 to 12000 RPM.  This was done because the University of Illinois’s 
Formula SAE cars use a mechanical water pump that is a part of the stock Honda 
engine package.  As such, the rate at which the water pump works is dependant 
on engine speed.  Once the data was all collected, the values were converted to 
the desired units and compiled in a graph presented later in this thesis. 
 
3.1.2 Coolant Temperature Measurement 
In addition to the coolant flow rate, it is necessary to determine the change 
in temperature of the coolant as it flows through the heat exchanger on the 
Formula SAE car.  These values were recorded during actual running conditions 
when the University of Illinois Formula SAE team was testing the car.  This 
process was made much easier through the team’s use of the MoTeC Sport Dash 
Logger, which is the team’s in-car data acquisition platform.  With this, data may 
be recorded in real time from sensors installed on the car and then downloaded 
from the MoTeC Sport Dash Logger onto a laptop and read with MoTeC 
software.  For the temperature of the coolant before and after the heat exchanger, 
standard temperature sensors used in modern engine management systems (Bosch 
part number 0 280 130 026) were installed in the engine as well as in the coolant 
lines leading to the engine.  Below in Fig. 3.9 shows how the thermocouple is 
added to the cooling lines. 
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 Figure 3.9.  Method for inserting the thermocouple into the cooling lines. 
 
The temperature of the water into the heat exchanger as well as the temperature of 
the water as it leaves the heat exchanger is then recorded with time.  This allows 
for the team to examine how the coolant temperatures change throughout the 
entire driving period and to be able to determine the temperature drop under 
vehicle operation.  Results of this are presented later in this thesis. 
 
3.2 Air-Side Radiator Performance 
The parameters in the equation for determining the heat carrying capacity 
of the air going through the heat exchanger core include the air flow rate, the air 
density, the specific heat of the air, and the temperature rise of the air as it flows 
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through the heat exchanger.  Both the air density and the specific heat of the 
coolant are standard values and easily determined.  The specific heat of air is 
known to be about 1 kJ/kg*C.  However, the air density is dependant on the 
ambient conditions.  Derived from the ideal gas law, air density can be calculated 
using the following [5].  
 
where 
pa = absolute pressure of air passing through radiator, kPa 
Ta = absolute temperature of air passing through radiator, °K 
Again unfortunately, the values for the air flow rate and the temperature rise are 
not as easily known.  The following sections outline the procedures taken to 
determine these values for the University of Illinois’s 2009 Formula SAE car.   
 
3.2.1 Air Flow Rate Measurement 
 As previously stated, the given equation for determining the heat carrying 
capacity of the air flowing through the heat exchanger core requires the air flow 
rate in meters cubed per second.  To find this value, the area of the face of the 
heat exchanger core is multiplied by the velocity of the air flowing through the 
heat exchanger core.  The frontal area of the heat exchanger is easily measured 
from the actual part using a simple ruler to check the manufacturer’s 
specifications.  As such, the area is found to be: 
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9.50” x 11.50” = 109.25 square inches = 0.07048 meters squared 
The last value left to be measured in order to find the volumetric flow rate of the 
air is the velocity of the air at the heat exchanger core.  As outlined in the 
literature review, there exist a number of ways of finding the air velocity through 
the heat exchanger core.  It may be measured indirectly by finding the pressure 
difference across the radiator, or as many companies in the automotive industry 
do, it may be found using an array of vane anemometers.  Due to budget 
constraints, the probe available for use during this thesis is a hot-wire anemometer 
from Omega Engineering, model number HHF42.  While it is perhaps not ideal 
for this purpose, the objective of this work is to find an economical and simple 
means for Formula SAE design students to quickly get a rough estimate on the 
effectiveness of their design.  For the sake of the scope of this thesis the HHF42 
from Omega Engineering picture below in Fig. 3.10 provides enough useful 
information. 
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 Figure 3.10.  Omega Engineering’s HHF42 hot-wire anemometer. 
 
To collect the data, an opening was created in the air duct leading to the heat 
exchanger for the hot-wire anemometer to drop down through in front of the heat 
exchanger core.  The hot-wire anemometer was rigidly mounted to the car and 
radiator shroud via a custom made fixture.  This fixture and setup as it is installed 
on the University of Illinois’s 2009 Formula SAE car is illustrated below in Fig. 
3.11. 
 29
 Figure 3.11.  Hot-wire anemometer as installed on the 2009 Formula SAE car for 
testing.   
 
One reason the data for the air velocity through the heat exchanger core is 
collected on the vehicle during driving is because of the lack of a suitable wind 
tunnel that would be large enough to fit the various components of the cooling 
module as well as simulate the vehicles body shape.  In an attempt to limit the 
number of variables, the test data was gathered on a day when wind conditions 
would not be a factor in the results.  During testing, the Formula SAE car was 
driven at incrementally increasing speeds.  At each speed increment the air 
velocity at the radiator core was recorded.  As the testing facility (the southeast 
parking lot of the University of Illinois’s Assembly Hall) allows, the speed 
increments for which the data was recorded were between 10 and 15 mph.  The 
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max speed that needed to be tested was chosen as 65 mph since the 2009 Formula 
SAE rulebook lists one of the specifications for the endurance course as having a 
top speed of approximately 105 km/hr (65.2 mph) [1].  This test was undertaken 
for the conditions where both the electric fan and the air duct were on, when the 
fan was off and the air duct was on, with the fan on and the air duct detached, and 
finally when both the fan and the air duct were off of the Formula SAE car.  The 
collected data is then used to plot the velocity of the air flowing through the heat 
exchanger core versus the vehicle speed. 
 
3.2.2 Air Temperature Measurement 
 The last value left to measure in order to determine the heat carrying 
capacity of the air flowing through the heat exchanger core is the air temperature 
rise across the core thickness.  As with the collection of the coolant temperature 
drop, the air temperatures were recorded during actual driving tests of the 
Formula SAE car.  Again, these values were logged using the MoTeC Sport Dash 
Logger and then viewed using MoTeC software after the car had been linked to a 
laptop.  The sensors used are standard air temperature sensors manufactured by 
ACDelco (part number Delphi: 25037225).  They are placed in front of and 
behind the cooling module and are connected to the on-car data logger.  Fig. 3.12 
below illustrates how a simple fixture may be quickly designed and manufactured 
to hold these sensors in place on the University of Illinois’s Formula SAE car.   
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Figure 3.12.  Air temperature sensors installed on the University of Illinois’s 2009 
Formula SAE car before and after the radiator. 
 
Along with the ambient temperature during testing, the temperature of the air 
before the heat exchanger core as well as the temperature of the air as it leaves the 
cooling module are recorded with time.  The ambient air temperature is recorded 
in order to determine the density of the air during the test as outlined in section 
3.2 of this thesis.  With this, the Formula SAE team is able to evaluate and 
examine how the temperature rise of the air across the heat exchanger core 
thickness changes while under driving conditions.  Results of this data collection 
are presented in chapter 4 of this thesis.   
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Chapter 4 
Experimental Results and Discussion 
 
4.1  Coolant Side Heat Carrying Capacity 
Finding the heat carrying capacity of the coolant according to the 
equations presented in Chapter 2 of this thesis requires the knowledge of four 
variables.  These are the coolant flow rate, the coolant density, the specific heat of 
the coolant, and the temperature drop of the coolant as it flows through the heat 
exchanger core of the Formula SAE car.  As per section 8.10 of the Formula SAE 
rules, certain limitations apply as to what may be used as the coolant [1]:  
“Water-cooled engines must only use plain water, or water with cooling system 
rust and corrosion inhibitor at no more than 0.015 liters per liter of plain water.  
Glycol-based antifreeze or water pump lubricants of any kind are strictly 
prohibited” [1]. 
Because of these rules, the University of Illinois’s 2009 Formula SAE car uses 
only plain water as its coolant fluid.  By knowing the coolant fluid, the coolant 
density and specific heat are easily known values.  For the sake of the calculations 
in this thesis, the density of water is taken as 1 kilogram per liter.  The specific 
heat of the water is also a commonly known value.  In the calculations undertaken 
to determine the heat carrying capacity of the water, the specific heat of the 
coolant is 4.186 kilojoules per kilogram-degree Celsius.  The last two values 
needed, the coolant flow rate and the temperature drop of the water through the 
heat exchanger were determined experimentally. 
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 The Honda F4i that is in the University of Illinois’s Formula SAE car is 
electronically limited to how high the engine can rev.  This set limit is 12500 
RPM.  As outlined in the Experimental Methods section of this thesis, the flow 
rate was determined for engine speeds between 7000 and 12000 RPM, thus 
covering the usable range of the engine.  From the data collected, the flow rate of 
the coolant through the engine ranged between about 28 liters per minute at 7000 
RPM to a high of about 52 liters per minute at 12000 RPM.  The coolant flow rate 
results have been plotted with respect to engine RPM and are presented below in 
Fig. 4.1. 
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Figure 4.1.  Coolant flow rate (L/min) vs. engine RPM for the Formula SAE car. 
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 Lastly before any values of the heat carrying capacity of the water may be 
determined, the temperature drop of the coolant as it flows through the heat 
exchanger must be determined.  To do so, the coolant temperatures before and 
after the heat exchanger were logged during normal driving of the car in 
autocross/endurance conditions.  Ambient air temperature during the driving tests 
was 17.6 degrees centigrade.  The results shown below in Fig. 4.2 show the 
normal range of coolant temperatures during “steady state” operation.  That is, it 
does not include the stage where the engine is still warming up.    
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Figure 4.2.  Temperature vs. time for the coolant both as it enters and leaves the 
heat exchanger on the Formula SAE car. 
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From these two sets of data, the needed value of the temperature difference 
between the inlet and outlet of the heat exchanger is plotted and displayed below 
in Fig. 4.3. 
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Figure 4.3.  Temperature drop of the coolant across the heat exchanger vs. time 
for the Formula SAE car. 
 
While the behavior of the temperature drop of the coolant as it flows through the 
heat exchanger may seem erratic, the main goal of this thesis was to quickly 
determine rough yet accurate estimates of the cooling modules performance in 
order for the team to be able to make quick design decisions.  As such, the 
average temperature drop of the coolant across the heat exchanger is calculated 
from the data and is later used when comparing the heat carrying capacity of the 
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water with that of the air flowing through the heat exchanger core.  From the data 
collected, the average temperature drop of the coolant as it flows through the 
radiator is 5.67 degrees centigrade.  This is between the range of 3 to 8 degrees 
centigrade given in Off-Road Vehicle Engineering Principles as being standard 
for cooling systems [5].   
 From all these values, we can calculate the heat carrying capacity of the 
coolant in the Honda F4i engine of the Formula SAE car at RPM values ranging 
from 7000 to 12000.  To do this, the equations from Chapter 2 were used, and the 
results are tabulated below in Table 4.1.  
Table 4.1.  Heat carrying capacity of the coolant for the range of engine speeds. 
RPM Q (L/min) E_RW (kW) 
7000 28.97 11.46 
8000 32.59 12.89 
9000 40.11 15.87 
10000 47.40 18.75 
11000 52.14 20.63 
12000 52.14 20.63 
 
As one can see, the coolant’s capacity to remove heat from the engine depends 
strongly on the engine speed since the water pump is mechanically driven.  
Results show the heat carrying capacity to vary between about 11.5 kW to 20.6 
kW through the useable range of the engine. 
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4.2 Air Side Heat Carrying Capacity 
As with the heat carrying capacity on the coolant side, finding the heat 
carrying capacity of the air that flows through the heat exchanger core using the 
equations presented in Chapter 2 requires the knowledge of four variables.  These 
variables are the air flow rate, the air density, the specific heat of the air, and the 
temperature rise of the air as it passes through the core of the heat exchanger.  
Using the equation given in Chapter 3 which relates the air density to the air 
pressure and air temperature, the air density was calculated from the ambient 
conditions during the driving tests, and found to be about 1.2 kilograms per meter 
cubed.  Another constant in the equation for determining the heat carrying 
capacity of the air is the specific heat of the air.  Again, this is a standard well 
known value which for the purpose of this thesis is taken to be about 1 kilojoule 
per kilogram-degree centigrade.   
 The equations for the heat carrying capacity of the air flowing through the 
heat exchanger core require the knowledge of the volumetric flow rate of the air.  
In the experimental methods chapter it is outlined that to do this the air velocity 
through the core was measured and multiplied by the frontal area of the radiator 
core.  Measurements give the frontal area of the radiator on the University of 
Illinois’s 2009 Formula SAE car to be 0.07048 meters squared.  This leaves only 
the air velocity left.  After physical testing, as outlined in Chapter 3, the air 
velocity through the radiator core for the four testing conditions vs. the ground 
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speed of the Formula SAE car was plotted over the range of 0 mph up until the 
max attainable speed in the testing facility, 70 mph.  The resulting plot is 
presented below in Fig. 4.4. 
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Figure 4.4.  Air velocity through the heat exchanger core vs. ground speed of the 
Formula SAE car for various cooling module configurations. 
 
Using the known frontal area of the heat exchanger, the volumetric flow rate 
through the heat exchanger core is easily calculated versus the ground speed of 
the vehicle. 
 Finally, the last value which needs to be deduced from the data before the 
values for the heat carrying capacity of the air are calculated is the temperature 
rise of the air as it passes through the heat exchanger.  As mentioned earlier, the 
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air temperature values are measured using sensors placed just in front of and 
behind the cooling module.  Also as before, measurements were taken under 
normal autocross/endurance driving conditions.  Shown below in Fig. 4.5 are the 
measured air temperatures taken during testing.  As with the coolant 
temperatures, these values were taken during “steady-state” driving conditions 
after the engine had already had time to warm up.   
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Figure 4.5.  Temperature vs. time for the air as it enters and leaves the heat 
exchanger core on the Formula SAE car. 
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Again though, the required value for the equation to determine the heat carrying 
capacity of the air is the temperature difference.  Plotted below in Fig. 4.6 is the 
difference in the temperatures of the air before and after the heat exchanger. 
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Figure 4.6.  Temperature rise of the air as it passes through the heat exchanger vs. 
time under normal driving conditions for the Formula SAE car. 
 
As with the temperature drop of the coolant fluid, the temperature rise of the air as 
it flows through the core of the heat exchanger fluctuates somewhat.  However 
just as before, the main interest of this thesis is in quickly determining rough 
estimates for the effectiveness of the components of the cooling system.  As such, 
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the average temperature rise of the air across the heat exchanger core is calculated 
from the data and is later used when comparing the heat carrying capacity of the 
air with that of the water flowing through the heat exchanger.  The data collected 
shows the average temperature rise of the air that flows through the heat 
exchanger to be about 29.6 degrees centigrade.   
 With all these values collected for the four variables in the equation 
outlined in the second chapter of this thesis, the heat carrying capacity of the air 
can now be calculated.  Since the value of the air flow rate through the heat 
exchanger core is dependant on the ground speed of the vehicle, the heat carrying 
capacity of the 2009 Formula SAE car is calculated through the entire range of 
vehicle speeds as seen in a normal endurance event as defined in the Formula 
SAE rulebook.  As outlined by the 2009 Formula SAE rulebook, the endurance 
course specifications are as follows [1]: 
“Average speed should be 48 km/hr (29.8 mph) to 57 km/hr (35.4 mph) with top 
speeds of approximately 105 km/hr (65.2).” 
The results of the gathered data used in calculating the heat carrying capacity of 
the air flowing through the heat exchanger core are presented below in Fig. 4.7. 
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Figure 4.7.  Heat carrying capacity of the air vs. ground speed of the Formula 
SAE car through the speed range of an endurance event. 
 
The results show that the heat carrying capacity of the air flowing through 
the cooling module on the University of Illinois’s 2009 Formula SAE car as run at 
competition (with the air duct and electric fan running) ranges from 12.1 to 25.9 
kW through the speeds seen by the car in an endurance event.  In addition, the 
data confirms the positive contributions made to the heat carrying capacity of the 
air in the cooling system by including the electric fan as well as the air duct.  The 
reason for these improvements is that the cooling fan helps to create a zone of low 
pressure behind the radiator core which greatly helps to draw and move the air 
through the resistance of the tubes of the heat exchanger [12].  As for the air duct 
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on the Formula SAE car, it is designed to route the air to the heat exchanger so 
that the front suspension and tire do not obstruct the flow of air to the cooling 
module.  For the University of Illinois’s 2009 Formula SAE car, including the fan 
in the system increased the heat carrying capacity of the air by around 6 kW at 
speeds over 35 mph, and more than that at speeds under 35 mph.  When the max 
heat carrying capacity is only near 26 kW, a 6 kW improvement over the entire 
range is a significant improvement (almost 25% at 70 mph, and more so at lower 
speeds).  In addition, the air duct as constructed and installed on the University of 
Illinois’s 2009 Formula SAE car contributed to about a 2.5 kW gain in the heat 
carrying capacity of the air at vehicle speeds over 35 mph and again more so at 
speeds under 35 mph (a 10% improvement at 70 mph and greater than that at 
lower speeds).   
 
4.3 Analysis of the 2009 Design Improvements 
 In order to determine how effective the cooling module performs, it is 
necessary to calculate how much of the energy content of the fuel needs to be 
dissipated by the cooling system.  From previous testing carried out by the 
University of Illinois’s Formula SAE team, the energy density of the gasoline is 
known to be 45.7 MJ/kg and the fuel consumption of the engine at wide open 
throttle is 7.8 kg/hr.  After some unit conversions, the total energy released may 
be calculated with these two values.  Calculations show the fuel energy content of 
the University of Illinois’s 2009 Formula SAE car to be 99.02 kW.  From this, the 
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amount of energy that must be dissipated by the cooling system can be estimated.  
Literature has placed this value at between 17-23% [13] and 18-35% depending 
on the load of the engine [14].  According to the paper from Porsche, at full load 
for a high performance car, 18% of the 100% energy content of the fuel needs to 
be dissipated by the engine’s cooling system [14].  Using this figure with the fuel 
energy content of the Formula SAE car calculated earlier, the cooling system 
must dissipate approximately 17.8 kW of energy in order for the engine to be 
properly cooled.  Using the upper limit percentage from the paper from Ford, the 
cooling system for the Formula SAE car must dissipate 22.8 kW, giving a range 
of 17.8 to 22.8 kW.  This corresponds with the values determined and published 
by Cornell University’s 1996 Formula SAE team stating that their cooling system 
is capable of a heat rejection rate of 16 kW [15].  Since then, well established 
Formula SAE teams, such as the University of Illinois’s, have been able to attain 
greater power from their engines and improve the cooling modules accordingly, 
reaffirming the values determined in this thesis. 
From the data collected, the heat carrying capacities of both the air 
flowing through the heat exchanger and the coolant flowing through the engine on 
the University of Illinois’s 2009 Formula SAE car have been calculated and 
plotted.  With this, comparisons may now be made between the two heat carrying 
capacities in the cooling module.  From the data, it may be determined which area 
of the cooling module on the University of Illinois’s Formula SAE cars needs 
further improvement in order to match the heat carrying capacity of the other.  To 
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determine this, the heat carrying capacities of both the air and the water are 
overlaid.  However, since the heat carrying capacity of the coolant is heavily 
dependant on the speed of the engine while the heat carrying capacity of the air 
flowing through the heat exchanger is dependant on the ground speed of the 
vehicle, they must first be placed on a common axis.  To do this, the engine RPM 
is related to the ground speed the Formula SAE car would be traveling at as it 
goes through the gears.  Since the gearing ratio as well as the shift points of the 
University of Illinois’s 2009 Formula SAE car is known, a plot of the engine 
speed versus the vehicle speed can be made as the car goes through its 4 gears.  
Then the heat carrying capacity of the coolant may be related to the ground speed 
of the vehicle.  This transcribed data for the coolant’s heat carrying capacity is 
presented below in Fig. 4.8 along with the engine speed on the Formula SAE car 
versus the vehicle speed. 
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Figure 4.8.  Heat carrying capacity of the coolant water vs. the ground speed of 
the vehicle overlaid with engine RPM. 
 
The heat carrying capacity of the air as it flows through the heat exchanger 
core versus the ground speed of the vehicle has already been determined, and if 
this data is overlaid with that of the heat carrying capacity of the coolant versus 
ground speed, the two may easily be compared.  From this, it may be determined 
where any deficiencies in the cooling module lie and how large these deficiencies 
are.  This result is graphed and is shown below in Fig. 4.9. 
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Figure 4.9.  Heat carrying capacities of both the air and the coolant versus the 
vehicle speed of the Formula SAE car. 
 
 Unfortunately due to a lack of available manpower and resources, by the 
time that the research in this thesis was carried out, the University of Illinois’s 
2008 Formula SAE car had already been dismantled and left in a state of disrepair 
that made it entirely unfeasible to obtain for this car the same level of data as from 
the 2009 Formula SAE car.  It is hoped that future teams at the University of 
Illinois may be able to build on the work of this thesis and use the results as a 
basis for comparison with the performance of the cooling module on future years’ 
cars.  For the scope of this thesis however, it is possible to compare the heat 
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carrying capacities of the air and the water in the system in order to identify if the 
current solution is adequate.   
 Ideally, the curves for the heat carrying capacities of both the coolant 
water and the air flowing through the heat exchanger core would overlap.  
However, this is not realistically possible.  One major design change for the 
University of Illinois from 2008 to 2009 was the introduction of an air duct to 
route air to the heat exchanger.  Looking at the data for the 2009 Formula SAE 
car without an air duct illustrates that at the top end of first gear and throughout 
second gear, the heat carrying capacity of the air is lagging that of the coolant 
water flowing through the engine.  As such, the cooling module is not being 
adequately used to its full potential.  Since both the University of Illinois’s 2007 
and 2008 Formula SAE cars experienced overheating issues, it was necessary to 
improve the air’s ability to carry away the heat rejected from the engine as the 
figure suggests.  For 2009, the size of the radiator core was increased by 10%, and 
an air duct was added.  With these improvements, the data in Fig. 4.9 above 
illustrates that only at the top end of first gear between 28.5 and 38 mph is the 
heat carrying capacity of the air lagging behind that of the coolant water.  
Unfortunately, this speed range is also the targeted average speed for the 
endurance courses setup during the Formula SAE competitions. 
 The heat carrying capacity data may also be compared with the estimated 
range for the amount of heat that the cooling system must dissipate (17.8 to 22.8 
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kW).  Examining this energy range in Fig. 4.9 again shows the top of first gear, or 
the speed range of 30 to 38 mph to be an area where the cooling module on the 
University of Illinois’s 2009 Formula SAE car does not adequately transport away 
the heat produced by the Honda F4i engine.  In addition, in the upper levels of 
this range (around 22.8 kW), the heat carrying capacity of the coolant is not 
sufficient, as it maxes out at 20.63 kW.  From these values and estimations, it is 
shown that the cooling system of the University of Illinois’s 2009 Formula SAE 
car is right on the edge of being safely able to carry away the heat produced by 
the engine in all conditions.  That being said, under normal racing conditions, the 
engine is not always being used at wide open throttle.  This conclusion from the 
data is supported by the performance of the University of Illinois’s Formula SAE 
car during the 2009 season and through testing, as the car did not experience the 
overheating difficulties its predecessors had through testing and competition.  On 
a hot day and by the end of the endurance event at the Formula SAE East 
competition in Virginia, the car was starting to show signs of overheating 
however, and this seems to correspond with the suggestion made by the data that 
the cooling system is not able to handle the heat rejection requirements of the 
engine under certain highly loaded conditions.   
 
4.4 Optimization of the Cooling Module 
The cooling system of the University of Illinois’s 2009 Formula SAE car, 
has performed adequately for the operating conditions seen during competition.  
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During the endurance events where overheating is a primary concern, the 2009 
Formula SAE car did not experience any of the symptoms of previous the 
University of Illinois’s previous years’ cars.  Examining the data, it is seen that 
the cooling module of the 2009 Formula SAE car already is close to the limit set 
by the heat carrying capacity of the coolant, and that the air-side components (the 
fan and the heat exchanger size) are not largely over designed.  However, that is 
not to say that there exists no room for improvement in the cooling system of the 
University of Illinois’s Formula SAE cars.   
For example, the data shows that a significant discrepancy between the 
heat carrying capacity of the coolant and that of the air exists at the top of first 
gear (between 30 and 38 mph).  As this is a speed range targeted by the Formula 
SAE event organizers as the average speed for the endurance event, the cooling 
system may be further improved by targeting this area.  The cooling duct 
geometry has room for improvement.  With the help of a good CFD program and 
a student skilled in the software, one may maximize the efficiency of this 
geometry of the duct so that it can provide for the maximum air flow through the 
heat exchanger core.  While the 2009 version had some good engineering 
principles included in its construction, a proper analysis would allow for this 
component to be more effective.  Another option which may yield some results 
would be to angle the face of the heat exchanger forward.  This would perhaps 
take advantage of the effect that hot air rises, and so the angling of the heat 
exchanger would be conducive to aiding the flow of the hot air up and out of the 
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heat exchanger core.  In addition, depending on the amount of work that is able to 
be devoted to the cooling system, a new electric water pump may replace the 
system.  With an electric water pump as well as an electric cooling fan, it may be 
possible to optimize and control at what speeds each is running so that the cooling 
system water pump and fan are not overworking at lower engine speeds when the 
demands placed on the cooling module are not as great.  However, the benefits of 
spending the necessary manpower to design a system such as this may not be 
resource efficient when the design and build cycle of the Formula SAE car is as 
short as it is.   
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Chapter 5 
Conclusions, Recommendations and Future Work 
 
From this research it is possible to draw a few conclusions.  This thesis 
began with an overview of current industry research and standards regarding the 
design and analysis of automotive cooling systems.  Previous research covers a 
wide range of methods both computational and experimental.  One common 
theme throughout was the importance placed on gathering physical measurements 
through testing.  The literature from previous research states that practically 
finding the heat carrying capacities of radiators depends on measurements taken 
and that the performance of the cooling module in a wind tunnel is very different 
than that of when it is on the vehicle [16, 17].  Following along these lines, an 
analysis of the cooling system on the University of Illinois’s 2009 Formula SAE 
car was carried out using the few resources available due to a limited budget, 
which is a common problem across the Formula SAE paddock.  In addition, the 
methods outlined in this thesis are presented and carried out in a way such that 
future Formula SAE teams at the University of Illinois may be able to carry on the 
work without the requirement of any specialty training, which is crucial when 
team member turnover is high and deadlines are tight.   
A basic framework was developed to test the original theory set forth at 
the start of the 2008-2009 Formula SAE season that the airflow through the heat 
exchanger on previous University of Illinois cars was inadequate.  This 
framework was based off a simple model and set of equations that are commonly 
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known and used in the automotive industry.  Special care was taken in setting up 
and installing the sensors on the car so that consistent data could be gathered and 
thus easily compared.  Simple fixtures were designed and added to the Formula 
SAE car in order to hold the testing equipment.  Coolant flow rate was measured 
directly from the Honda F4i engine under static conditions.  The air flow rate was 
measured while driving with the only tool available from the University, a hot-
wire anemometer.  While not ideal, it provided invaluable data in analyzing and 
estimating the heat carrying capacity of the air flowing through the heat 
exchanger.  Coolant and air temperatures were also measured and logged from the 
car during driving.   
The data collected from the physical testing carried out on the 2009 
Formula SAE car offered very useful results in analyzing the effectiveness of the 
components in the cooling module.  Through testing coolant temperatures and 
flow rates, real world data was able to be applied to the theoretical equations from 
the literature in finding the heat carrying capacity of the coolant side of the 
cooling system.  In addition, the same principles and data collected from the air 
temp and air speed sensors were used in obtaining invaluable results.  These were 
able to provide the team with accurate values for the heat carrying capacities of 
both the air through the heat exchanger as well as for the coolant flowing through 
the engine.  As a result, for the first time for the University of Illinois’s Formula 
SAE team these heat carrying capacities were not solely based on assumptions or 
dependant on common industry values.   
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 Due to a series of unfortunate events, older Formula SAE cars from the 
University of Illinois were not available for testing and analyzing the cooling 
systems.  Nevertheless, the research aimed to evaluate the effectiveness of the 
2009 system and investigate the influence of the air duct and fan components on 
the 2009 car.  As expected, results showed the electric fan to be a crucial 
component providing for a significant boost in the air flow through the heat 
exchanger at all vehicle speeds seen during the endurance event.  In addition, the 
air duct was shown to make a significant contribution to increasing the air flow 
through the heat exchanger.  It was also shown that even with the improvements 
of a slightly larger heat exchanger core area and an air duct, the air side of the 
cooling system of the University of Illinois’s 2009 Formula SAE car is still 
lagging that of the coolant side when the vehicle is at the top range of first gear.  
These results confirm the earlier experiences at competition which showed the car 
to have no significant engine overheating, except for the hints of oncoming issues 
toward the end of an endurance event during a hot day in Virginia at the Formula 
SAE East competition.  The research showed that if engine power continues to 
increase, further improvements to the cooling module should be investigated.  
Among these are an improved and more efficient ducting system as well as 
perhaps a repositioning of the heat exchanger.   
 Several recommendations may be made for the continuing of the research 
outlined in this thesis.  In terms of the experimental methods, the hot-wire 
anemometer used was not the ideal tool for the task at hand despite it being the 
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only one available.  The hot-wire anemometer is only able to take airspeed 
measurements at one point in space, whereas a vane anemometer would be better 
for getting an average air speed over a larger area.  In addition, the hot-wire 
anemometer may be affected by fluctuations in temperature, as such it is not 
ideally suited for work around a heat exchanger where temperatures can vary.  
Also, it would be invaluable for the team if the anemometer used was capable of 
being linked up with the MoTeC data acquisition system on the car so that the air 
speed data can be more quickly and easily overlapped and compared with the 
other data collected from the car such as vehicle speed.  In addition, this 
framework of testing and analysis could be carried out on future Formula SAE at 
the University of Illinois so that design improvements and iterations may be 
compared year to year in order to better understand if the evolution of the cooling 
module is consistently improving.  The research done in this thesis would be 
further augmented by work using computational fluid dynamics in designing a 
more efficient ducting system to the radiator in order to take full advantage of its 
potential.  Results from the CFD analysis may then be compared to real world 
data using the procedures outlined in this thesis.  This research has provided the 
Formula SAE team with a simple and cost-efficient method for determining the 
effectiveness of the cooling module and for identifying which particular aspect 
may need improvement. 
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